mitochondrial respiration; hepatocytes ISCHEMIA-REPERFUSION (I/R) injury is a major complication of transplantation, liver resection, and hemorrhagic shock (1, 5, 8, 20, 23) . The injury resulting from warm hepatic I/R has a biphasic pattern. The early phase involves the production of reactive oxygen species (ROS) by Kupffer cells and hepatocytes and leads to an early oxidant-dependent injury (6, 13, 35) . The late phase is characterized by a robust inflammatory cascade, culminating in the recruitment of neutrophils to the liver (11, 32) .
The extent to which the initial cellular injury contributes to propagation of the inflammatory response and further tissue damage is poorly understood. There is considerable evidence suggesting that ROS generation is central to the injury response. ROS generated during early reperfusion often overwhelm endogenous antioxidant defenses, leading to induction of proinflammatory mediators (12) , as well as direct damage to intracellular structures (25) . Mitochondria are known to be a major source as well as a target for ROS. It was demonstrated that treatment of hepatocytes with tert-butyl hydroperoxide, an analog of short-chain lipid hydroperoxides formed during oxidative stress, increased mitochondrial ROS production (29, 30) . The mitochondrial origin of the ROS burst during oxidant injury in hepatocytes supports the idea that mitochondria play a key role in hepatic I/R injury, since mitochondrial dysfunction is the main cause of hepatocellular death due to necrosis or apoptosis (19) . Complexes I and III of the mitochondrial electron transport chain are major sources of ROS (3, 4, 39, 42) . The activities of these enzyme complexes are also considered rate-limiting steps for the mitochondrial respiratory chain.
There are a number of endogenous antioxidants that protect the cell from ROS-induced damage. Superoxide dismutase, catalase, and glutathione peroxidase have been well studied. A relatively new group of antioxidants, the peroxiredoxins (Prdxs), belong to the rapidly growing family of the thiolspecific antioxidant proteins that are highly conserved from bacteria to mammals (7, 34) . The Prdxs are divided into two categories, the 1-Cys and 2-Cys Prdxs, based on the number of cysteine (Cys) residues directly involved in the reduction of peroxides. Mammalian cells express six Prdx isoforms (Prdxs1-6), which are divided into three categories. Four of the six mammalian Prdxs (Prdxs1-4) belong to the "typical" 2-Cys subgroup and have additional conserved Cys residues in the COOH-terminal region (34) . Prdx5 is the single representative of the "atypical" 2-Cys Prdx class in mammalians (34) . The Prdx6 isoform encloses only the NH 2 -terminal-conserved Cys and is, therefore, classified as a 1-Cys Prdx (16) . Prdx6 uses glutathione and ascorbate as electron donors and is the only member of the Prdx family that has the ability to remove H 2 O 2 and phospholipid hydroperoxide and is, therefore, able to reduce the accumulation of phospholipid hydroperoxides in plasma membranes (24, 28) . Prdx6 expression has not previously been documented in mitochondria. However, Prdx6 has been described in other cell compartments, including the cytoplasm, secretory organelles, and lyosomes (10, 44) .
In the present study, we examined changes to the hepatic mitochondrial proteasome during I/R injury. Our data show that the antioxidant Prdx6 shuttles from the cytoplasm to the mitochondria in hepatocytes during I/R injury. Furthermore, our data suggest that this translocation of Prdx6 helps to stabilize mitochondrial function during I/R injury.
MATERIALS AND METHODS
Animals and hepatic I/R injury model. This project was approved by the University of Cincinnati Animal Care and Use Committee and was in compliance with the National Institutes of Health guidelines. Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) and Prdx6 null mice (University of Pennsylvania, Philadelphia, PA), weighing 21-25 g, were used in all experiments. The generation of Prdx6(Ϫ/Ϫ) mice is described elsewhere (27) . The animals underwent either sham surgery or partial hepatic ischemia, as previously described (22) . Briefly, mice were anesthetized with pentobarbital sodium (60 -90 mg/kg ip). A midline laparotomy was performed, and an atraumatic clip was used to interrupt blood supply to the left lateral and median lobe of the liver (ϳ70% ischemia of the liver). The caudal lobes retained intact portal and arterial inflow and venous outflow, preventing intestinal venous congestion. After 90 min of partial hepatic ischemia, the clip was removed, initiating hepatic reperfusion. Mice were killed after 0, 1, or 8 h of reperfusion. Sham control mice underwent the same protocol without vascular occlusion. Body temperature was maintained between 34 and 36°C during the whole procedure.
Subcellular fractionation. Livers were perfused with 37°C KrebsHenseleit buffer (freshly added 1.3 mM CaCl 2) at a flow of 5 ml/min for 15 min, equilibrated with O2/CO2 (19:1) with a Silastic tubing oxygenator. Afterwards, livers were excised and washed in cold (4°C) phosphate-buffered saline. Mitochondria from whole liver were isolated according to a commercial protocol (G-Bioscience, St. Louis, MO), with slight modifications. Briefly, 500 mg of liver tissue were washed with 10 ml of ice-cold phosphate-buffered saline, before the tissue was minced with a razor blade. The minced tissue was homogenized on ice in a glass Dounce homogenizer (15 strokes, pestle A; 15 strokes, pestle B) in homogenization buffer (5 ml/g tissue). The nuclear fraction and cell debris were removed by centrifugation (1,550 g, 10 min, 4°C), and the supernatant was transferred to a new centrifuge tube. By sequential centrifugation (24,700 g, 30 min and 10 min, 4°C) of this supernatant, the mitochondria were sedimented and resuspended in suspension buffer (5 ml/g tissue), whereas the remaining supernatant (cytosolic fraction) was collected. All fractions were stored at Ϫ80°C. For the two-dimensional (2D) gel analysis, the enriched mitochondrial pellet was resuspended in a 2D gel extraction/urea lysis buffer [extraction buffer: 10 mM Tris, pH 7.6, 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), freshly added PMSF, leupeptin, PIC, DTT, and phosphatase inhibitor cocktail II (Sigma); urea lysis buffer: 9 M urea, 4% CHAPS, 2% DTT, 0.1% SDS] by mixing end over end (1 ml, 30 min, 4°C). The mitochondrial suspension was centrifuged (24,700 g, 5 min, 4°C), and the crude mitochondrial enriched supernatant was transferred to a new centrifugation tube and stored at Ϫ20°C.
Hepatocyte isolation. Hepatocytes were isolated by non-recirculating collagenase perfusion through the portal vein. Livers were perfused in situ for 5 min with Ca 2ϩ -and Mg 2ϩ -free Hank's balanced salt solution (pH 7.4) with 50 U/ml collagenase at a flow rate initiated at 8 ml/min, which was then immediately increased to 55 ml/min. The liver was excised, minced, and strained through a steel mesh and brought to a final volume of 25 ml in Williams' medium and collected by centrifugation at 50 g for 2 min at 4°C. Cells were washed three times in 25 ml of Williams' medium (50 g for 2 min at 4°C). The cell pellet was resuspended in 11 ml L15C medium (Leibovitz tissue culture medium, pH 7.4; 18 mM HEPES; 1.5 mg/ml glucose; 0.5 g/ml insulin; 2.0 mg/ml BSA; 100 g/ml penicillin/streptomycin) and followed by adding 10 ml Percoll solution (9 parts Percoll/1 part 10ϫ Hanks balanced salt solution). After spinning at 50 g for 15 min at 4°C, the supernatant was removed, and the isolated hepatocytes were washed two times in 15 ml Williams' medium (50 g for 2 min at 4°C). Viability was checked by trypan blue exclusion.
2D gel electrophoresis. Proteins from whole liver mitochondria were separated by a 2D electrophoresis, using precast immobilized pH gradient strips (IPG strips, Amersham, Piscataway, NJ) with pH ranges 4 -7 (narrow range). Mitochondrial protein concentration was determined using the GenoTech Non-Interfering Protein Assay (GBiosciences, St. Louis, MO). For isoelectric focusing, the samples were loaded on the IPG strip by in-gel sample rehydration, using a urea-thiourea mixture as solubilizing agent overnight. One-hundred fifty micrograms of protein were loaded per sample on the firstdimension gel. Isoelectric focusing on an IPG-Phor isoelectrofocusing unit (Amersham/GE healthcare, Piscataway, NJ) was conducted at 20°C, focused for 22 h [0 -300 V in 1 min (gradient), 300 V for 2 h; 300 -3,500 V in 2 h (gradient), 3,500 V for 20 h] for a total of 77.9 kVh. IPG strips were equilibrated three times for 15 min in freshly prepared equilibration buffer (respectively, 40 ml per equilibration; equilibration buffer: 6 M urea, 112 mM Tris-acetate, 30% vol/vol glycerol, 5% wt/vol SDS, 0.01% wt/vol bromphenol blue, adjust pH to 8.8 with acetic acid, freshly add DTT or IAA) before the seconddimension SDS-PAGE was carried out. Strips were embedded on top of 10T, 2.2C duracryl double gels (220 ϫ 220 ϫ 1.5 mm; Genomic Solutions, Ann Arbor, MI) after filling the chambers of the vertical SDS-PAGE unit (Investigator 2D gel running system, Genomic Solution) with appropriated buffers (anode buffer: 210 mM Tris-acetate, pH 8.9 with acetic acid; cathode buffer: 100 mM Tris, 100 mM tricine, 0.1% wt/vol SDS). The second-dimensional electrophoresis was carried out at 8°C with constant power (15 W) for 6 h. The protein spots were visualized by silver staining, using a silver stain kit (Genomic Solutions), scanned (Image Scanner II, Amersham/GE Healthcare), and digital quantified with the differential display image analysis software Z3 (Compugen, Tel-Aviv, Israel). All 2D gels were run a minimum of three independent times under each condition to ensure reproducibility.
Protein digestion and peptide mass spectrometry. Each spot was assigned a value in parts per million corresponding to the single-spot volume as a proportion of the total spot volume of all spots in the gel, following background subtraction and removal of other artifacts. Differential expression between the groups was determined as a fold change, and proteins with the most appropriated change in expression between the groups were selected for analysis by peptide mass spectrometry (MS). Protein spots were excised, chopped, destained, and dehydrated from the gels and subjected to a tryptic digestion, as originally described by Shevchenko et al. (40) with modification as presented by Jarrold et al. (15) . The extracted peptides were concentrated in a speed vac centrifuge (Speed-Vac plus, Savant, Ramsey, MN) to a final volume of 10 -15 l. Peptides were desalted and purified utilizing the C18 ZipTips (Millipore, Bedford, MA). Purified peptides were eluted by pipetting up 2.5 l of 0.3% trifluoroacetic acid in 60% vol/vol acetonitrile, followed by peptide concentration to a final volume of 0.5 l by speed vac centrifugation. After incorporation of the concentrated peptides in 1 l matrix solution (0.1% trifluoroacetic acid in 50% vol/vol acetonitrile ϩ 5 mM ammonium phosphate monobasic ϩ 5 g/l ␣-cyano-4-hydroxy-cinnamic acid), they were directly loaded onto a matrix-assisted laser desorption/ ionization (MALDI) target plate (Opti-TOF 384 well plates, Applied Biosystems, Foster City, CA). MALDI-MS analysis of the respective peptides was performed on a 4800 MALDI-time-of-flight (TOF)-TOF instrument from Applied Biosystems (Foster City, CA), operated in reflector-positive mode. Proteins were subsequently identified using the MASCOT search algorithm (Matrix Science, Boston, MA) (33) from a combination of peptide mass fingerprint profiles and MS/MS sequencing data of the 10 most abundant from each digest. Criteria for protein identification included the total ion scores, a minimum of two MS/MS spectra, and the percent sequence coverage.
Western blot analysis. Protein concentrations of subcellular fractions, either from whole liver tissue or from isolated hepatocytes, were estimated by the BCA protein assay kit (Pierce, Rockford, IL). Samples were separated in precast, denaturing 8 -12% SDS-polyacrylamide gel (Pierce, Rockford, IL) and transferred to a 0.1-mpore nitrocellulose membrane. Nonspecific binding sites were blocked with Tris-buffered saline with 0.1% Tween 20 [TBST; 40 mM Tris (ph 7.5), 300 mM NaCl] containing either 5% nonfat dry milk or 5% BSA. Incubation of the primary antibodies [cyclooxygenase (COX) IV, cytochrome c (Cell Signaling Technology, Danvers, MA); histone H1.0, Prdx6 (Abcam, Cambridge, MA); IB-␣ (Santa Cruz Biotechnology, Santa Cruz, CA)] was performed in TBST containing either 5% nonfat dry milk or 5% BSA overnight at 4°C. The membranes were washed in TBST three times for 15 min and incubated with secondary antibodies conjugated to horseradish peroxidase. Immunoreactive proteins were visualized by autoradiography, using the enhanced chemiluminescence Western Blotting Detection Reagent (Amersham, GE Healthcare Bio-Sciences).
Liver neutrophil accumulation. Liver myeloperoxidase content was assessed by methods described elsewhere (36) . Briefly, 100 mg liver tissue were homogenized in 2 ml buffer A (3.4 mmol/l KH 2HPO4 and 16 mmol/l Na2HPO4, pH 7.4) for 30 s on ice. After centrifugation at 10,000 g for 20 min at 4°C, the supernatant was discarded, and the pellet was resuspended in 10 volumes of buffer B (43.2 mmol/l KH 2HPO4, 6.5 mmol/l Na2HPO4, 10 mmol/l EDTA, and 0.5% hexadecyl-trimethylammonium, pH 6.0). The tissue suspension was sonicated for 30 s on ice and incubated for 2 h at 60°C. After centrifugation at 10,000 g for 5 min at 4°C, the supernatant was collected, and Protein spots from Figure 1 were cut, trypsin-digested, analyzed by mass spectroscopy, and identified using the Mascot database. MW, molecular weight; pI, isoelectric point. Fig. 1 . Analysis of the hepatic mitochondrial proteome during ischemia-reperfusion (I/R). A: the purity of mitochondrial fractions was determined by staining for a cytoplasmic (cyto) protein (IB␣), a nuclear (nu) protein (histone), and a mitochondrial (mito) protein [cyclooxygenase (COX) IV]. Data are representative of at least three independent experiments. B: two-dimensional gel electrophoresis of hepatic mitochondrial proteins from mice undergoing sham surgery (left) or 90 min of ischemia followed by 1 h of reperfusion (90/1; right). Numbers refer to the proteins selected for identification based on fold expression change from sham. Identification of these proteins is provided in Table 1 . Data are representative of three independent experiments.
an aliquot was mixed with buffer C [43.3% wt/vol 3,3Ј,5,5Ј-tetramethylbenzidine, 3.2 ml N,N-dimethylformamide, 12.0 ml dH 2O, 2.6 ml buffer D (77,4 mmol/l KH2HPO4, 2.6 mmol/l Na2HPO4, 10% hexadecyltrimethyl-ammonium, add dH2O to a final volume of 130 ml, pH 5.4), add freshly 1 l H2O2] and incubated at 37°C for 15 min, and the optical density was measured at 655 nm.
Blood and tissue analysis. Blood was obtained by cardiac puncture for analysis of serum alanine aminotransferase (ALT) as an index of hepatocellular damage. Measurements of serum ALT were made using a colorimetric diagnostic kit (Wiener Laboratorios, Rosario, Argentina), according to the manufacturer's instructions. For histological examination, liver tissues were fixed in 10% neutral buffered formalin, embedded in paraffin before cut, and stained with hematoxylin and eosin.
Fluorescence-based assay of mitochondrial respiration. Hepatocyte mitochondria were isolated as previously outlined with minor modifications (9, 18, 43) . All steps were carried out at 4°C. Briefly, 500 mg of liver were minced and washed in isolation buffer I (210 mM mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM EGTA, and 0.5% fatty acid-free BSA, pH 7.4) until the homogenate was blood free. Five volumes of isolation buffer I were added, and the tissue homogenized using a smooth glass grinder with Teflon pestle driven by a power drill. The homogenate was then adjusted to eight volumes of isolation buffer I and centrifuged at 700 g for 10 min at 4°C. The supernatant was filtered through two layers of cheesecloth and recentrifuged for 10 min at 14,000 g to precipitate the mitochondrial fraction. The supernatant was discarded; mitochondria were washed by resuspension in 4 ml of isolation buffer I and centrifuged at 10,000 g for 10 min at 4°C. This washing step was repeated in isolation buffer II (210 mM mannitol, 70 mM sucrose, 10 mM MgCl 2, 5 mM K2HPO4, 10 mM 3-(N-morpholino)propanesulfonic acid, and 1 mM EGTA, pH 7.4). Finally, mitochondria were resuspended in 450 l isolation buffer II. Protein measurements were preformed to adjust equal amounts of mitochondrial proteins. One-nanomole A65N-1 oxygen probe (Luxcel Bioscience, Cork, Ireland), supplied as dry reagent, was reconstituted in 1 ml of respiration buffer (250 mM sucrose, 15 mM KCl, 1 mM EGTA, 5 mM MgCl 2, and 30 mM K2HPO4, pH 7.4) and diluted to a concentration of 100 nM. Onehundred microliters of this solution were transferred into a 96-well plate (100 pmol of probe per well). Fifty microliters of the mitochondrial proteins were added to each well, followed by 50 l of substrate (12.5:12.5 mM glutamate-malate final concentration) without or with ADP (1.65 mM final concentration). As positive control, respiratory chain uncoupling was tested by using carbonyl cyanide 4-(trifluoromethoxy) phenyldydrazone (final concentration 100 nmol/mg protein), dissolved in dimethyl sulfoxide (final dimethyl sulfoxide content was not more than 0.5% vol/vol). Finally, 100 l of heavy mineral oil were added to each well to seal the samples from ambient oxygen. Measurement was done in a Victor 3 V (PerkinElmer precisely, 1420 Multilabel counter) at 30°C for 90 min in a time-resolved fluorescence mode. Instrument settings were as follows, 340/642 nm excitation/ emission filters, a delay of 30 s, and a measurement window of 100 s. After completion of fluorescence measurements, time profiles of fluorescence intensity were analyzed using WorkOut2 (PerkinElmer) software. Rates of oxygen consumption based on the known relationship between probe fluorescence quenching and oxygen concentration were determined (17) . Briefly, fluorescence traces were converted into oxygen concentration profiles using the following transformation:
where [O2]a is oxygen concentration in air-saturated buffer (235 M at 30°C); I(t), Io, and Ia are fluorescence signal of the probe at time t, signal in air-saturated buffer (baseline signal without enzyme), and signal in deoxygenated buffer (maximal signal), respectively. Rates of change of dissolved oxygen were subsequently determined from the initial slopes of these concentration profiles, similar to the electrode system.
Mitochondrial respiration and energy coupling. Mitochondrial oxygen consumption was measured polarographically with a computercontrolled Clark-type oxygen electrode (Hansatech Instruments, Norfolk, UK). The respiratory mixture, consisting of 0.5 ml of a KCl respiratory buffer [140 mM KCl, 0.1 mM EDTA, 2.5 mM KH 2PO4, 2.5 mM MgCl2, and 0.05% bovine serum albumin, in 5 mM HEPES, pH 7.4 (KOH)] and 150 g of mitochondrial protein were equilibrated at 37°C under constant stirring. Substrate-stimulated state 4 respiration (ADP limited) was determined after adding 3 mM glutamate/3 mM malate or 6 mM sodium succinate. The rate of state 3 respiration was then determined following the addition of 0.2 mM ADP. The respiratory control ratio (RCR) was calculated as the ratio of state 3 to state 4 respiration. 
Measurement of mitochondrial reactive oxygen using luminol.
H 2O2-induced luminol chemiluminescence was measured as described elsewhere (37), using a Berthold Autolumat Plus luminometer. Luminol will react with H 2O2 and peroxynitirite, but not with superoxide (38) . H2O2 specificity is determined by inhibiting chemiluminescence with catalase. The reaction mixture is composed of 100 g of mitochondrial protein, 5 M luminol, and 10 g/ml horseradish peroxidase in a final volume of 1.0 ml KCl respiratory buffer. Chemiluminescence was initiated by the addition of either 3 mM glutamate/3 mM malate or 6 mM sodium succinate, and monitored at 37°C. The H 2O2 luminescence signal was completely quenched by 500 units catalase/ml; values shown are catalase-inhibited chemiluminescence values.
Statistical analysis. All data are expressed as means Ϯ SE. Data were analyzed with a one-way analysis of variance with subsequent Student's t-test in a two-tailed analysis. Differences were considered significant when P Ͻ 0.05.
RESULTS

Hepatic mitochondrial proteome analysis during I/R.
Because the functional state of mitochondria are critical to the fate of the liver after I/R (19), we examined changes to the hepatic mitochondrial proteasome during I/R. Liver mitochondria were isolated from sham-operated mice and mice undergoing 90 min of ischemia and 1 h of reperfusion. Mitochondrial fractions were pure, as there was no evidence of contamination with cytoplasmic (IB␣) or nuclear (histone H1.0) proteins (Fig. 1A ). Mitochondrial protein fractions were then separated using 2D-PAGE, and gels were silver stained (Fig. 1B) . Image analysis was performed to determine relative protein expression between sham and I/R groups. Two-hundred thirty-four protein spots were increased or decreased in expression more than twofold compared with mitochondria from sham mice. From these, 13 proteins were selected for identification based on the greatest differences between sham and I/R groups calculated by the Z3-Gel analysis software (Fig. 1B) . Protein spots were digested with trypsin, analyzed by MS, and identified using the Mascot database. Table 1 shows the sequence information of the identified proteins, the number of matched peptides, and the total ion score for the peptides, as an indicator for accurate protein identifications with scores above 100, based on the results from the Mascot search algorithm. After I/R, there was an increased mitochondrial expression of hydroxyacyl-coenzyme A dehydrogenase, two heat shock protein 70-related proteins, transmembrane protein 4, glutamate dehydrogenase 1, sorbitol dehydrogenase precursor, fumarylaceto- Fig. 4 . Prdx6 protects against hepatic I/R injury. Wild-type (WT) and Prdx6-knockout (Prdx6-KO) mice were subjected to 90 min of ischemia followed by 8 h of reperfusion. A: hepatocellular injury was determined by measuring serum levels of alanine aminotransferase (ALT). B: neutrophil accumulation was determined by liver content of myeloperoxidase (MPO). Values are means Ϯ SE with n ϭ 3 per group. *P Ͻ 0.05 compared with sham. C: Liver histology. Normal hepatic architecture was observed in sham-operated WT mice and Prdx6-KO mice. After I/R, livers from WT mice had large areas of necrosis with neutrophilic infiltration, whereas livers from Prdx6-KO mice showed more widespread necrosis with little evidence of neutrophil accumulation. Original magnification was ϫ100.
acetase, methionine adenosyltransferase I␣, and Prdx6. One protein, ATP5b, was found to have decreased expression after I/R. Some of these identified proteins are related to the energy metabolism, whereas others are linked to the antioxidant metabolism, like methionine adenosyltransferase I␣, sorbitol dehydrogenase, and Prdx6. Because Prdx6 has never been previously described in mitochondria, we focused on the functional significance of this protein for our subsequent studies.
Subcellular expression of Prdx6 in whole liver tissue and hepatocytes. To determine the subcellular localization of Prdx6 and to determine whether this expression pattern is altered by I/R, we analyzed whole liver cytoplasmic and mitochondrial expression of Prdx6 by Western blot. As shown in Fig. 2A , Prdx6 expression was found uniformly in the cytoplasm. Interestingly, we found that, after ischemia or I/R, Prdx6 could be detected in the mitochondrial fraction, indicating trafficking of Prdx6 from the cytoplasm to the mitochondria. To ensure the physical integrity of the hepatic mitochondria isolated from postischemic livers, Western blot for cytochrome c was performed. These studies demonstrated that isolated mitochondria were intact, as no leakage of cytochrome c to the cytoplasm was detected (Fig. 2B) .
Because derangement of mitochondrial function in hepatocytes is the trigger for cell death, we next examined Prdx6 expression in subcellular fractions of hepatocytes isolated during I/R. In hepatocytes from sham-operated control mice, Prdx6 was found primarily in the cytoplasmic compartment with minimal Prdx6 detected in mitochondria (Fig. 3) . However, after ischemia or I/R, Prdx6 expression in the cytoplasm was lost, and Prdx6 expression in mitochondria was markedly increased (Fig. 3) . COX IV staining indicated equal loading of mitochondrial protein. The purity of the isolated fractions was done in the same way as described for whole liver tissue, and no contamination of the mitochondrial or cytoplasmic fractions was detectable (data not shown). Collectively, these data suggest that ischemic stress to hepatocytes induces shuttling of Prdx6 from the cytoplasm to the mitochondria.
Prdx6 protects against liver injury induced by I/R. Our data demonstrate that, in hepatocytes, Prdx6 traffics from the cytoplasm to mitochondria during I/R. It is well established that mitochondrial function dictates hepatocyte survival. To determine whether the mitochondrial trafficking of Prdx6 in hepatocytes during I/R has an effect on hepatic injury, we examined the injury response of wild-type (WT) and Prdx6-knockout (KO) mice to I/R in vivo. Mice were subjected to 90 min of ischemia followed by 8 h of reperfusion, which is known to cause severe hepatocellular injury. Prdx6-KO mice had significantly greater liver injury, as determined by serum levels of ALT (Fig. 4A) . Despite this increase in liver injury, Prdx6-KO mice had significantly less neutrophil accumulation, as measured by liver content of myeloperoxidase (Fig. 4B) . These biochemical data were confirmed by histopathological analysis. Sham-operated WT and Prdx6-KO mice displayed normal liver architecture (Fig. 4C) . After I/R in WT mice, there was marked neutrophilic inflammation and hepatocyte necrosis (Fig.  4C) . However, in the Prdx6-KO mice, there was less evidence of neutrophilic infiltrates, yet hepatocellular necrosis was more severe than in WT mice (Fig. 4C) . To determine if the increased liver injury observed might be a result of increased apoptosis, we stained liver sections for active caspase-3. There was no difference in the amount of staining for active caspase-3 in livers from WT and Pdx6-KO mice (data not shown). These data demonstrate that Prdx6 is an important regulator of the hepatic injury response to I/R.
Mitochondrial Prdx6 stabilizes mitochondrial respiratory chain function during liver I/R. To determine if the increased liver injury observed in Prdx6-KO mice was attributable to increased mitochondrial dysfunction as a result of the loss of mitochondrial Prdx6, respiratory activities of liver mitochondria from WT and Prdx6-KO mice were evaluated in the presence of glutamate/malate (substrates for complex I) or succinate (substrate for complex II) and ADP. The RCR is a ratio of maximal respiration (state 3) to basal respiration (state 4) and represents an index of mitochondrial coupling and, therefore, function. After stimulation with glutamate/malate, mitochondria from Prdx6-KO mice showed a higher RCR baseline (Fig. 5A ). Despite this, mitochondria from Prdx6-KO mice showed a precipitous decrease in RCR over the time course of I/R. In contrast, mitochondria from WT mice showed an initial decrease in RCR after ischemia or ischemia and 1 h of reperfusion, but then recovered by 4 h of reperfusion (Fig.  5A) . A similar phenomenon was observed in mitochondria stimulated with succinate (Fig. 5B) .
To further explore the importance of mitochondrial Prdx6 in stabilizing mitochondrial function, we examined mitochondrial oxygen consumption using a kinetic assay employing a longdecay, phosphorescent, oxygen probe (9). Because we found that complex I was more affected by the loss of Prdx6, we only used glutamate/malate as a substrate in this assay. As shown in (Fig. 6) . ADP-stimulated (state 3) oxygen consumption was similar between mitochondria from sham-operated WT and Prdx6-KO mice (Fig. 6 ). After ischemia, oxygen consumption by mitochondria from Prdx6-KO mice greatly exceeded that from WT mice. After ischemia and 1 h of reperfusion, oxygen consumption was again similar between WT and Prdx6-KO mitochondria (Fig. 6) .
Mitochondrial H 2 O 2 generation is increased during liver I/R in Prdx6-KO mice. To determine whether the trafficking of Prdx6 to the mitochondria scavenges ROS generated by mitochondria during I/R, we measured mitochondrial H 2 O 2 generation during I/R. Since we found that mitochondrial function during I/R was disturbed in the absence of Prdx6 (Figs. 5 and 6), we next conducted experiments to determine whether substrate-induced mitochondrial respiration was associated with increased generation of ROS and whether the presence of Prdx6 regulated this process. Mitochondria isolated from WT and Prdx6-KO mice after sham surgery, ischemia, or ischemia and 1 or 4 h of reperfusion were stimulated with glutamate/ malate or succinate. We found that H 2 O 2 generation by mitochondria from sham-operated mice increased significantly after stimulation with either substrate and that, in both cases, production was significantly higher in mitochondria from Prdx6-KO mice (Fig. 7) . Mitochondria isolated after ischemia generated the highest levels of H 2 O 2 , and, under these conditions, there was no significant difference between mitochondria from WT or Prdx6-KO mice for either substrate. However, mitochondria from Prdx6-KO mice undergoing I/R generated significantly greater amounts of H 2 O 2 than mitochondria from WT mice, only when stimulated with glutamate/malate, suggesting a preferential localization of Prdx6 to complex I (Fig.  7A) . Interestingly, mitochondria from WT mice undergoing ischemia and 4 h of reperfusion and stimulated with succinate generated more H 2 O 2 than Prdx6-KO mice (Fig. 7B) . Collectively, these data suggest that trafficking of Prdx6 to the mitochondria during I/R helps to regulate mitochondrial respiratory-derived ROS formation, thereby reducing intracellular oxidative stress.
DISCUSSION
These studies are the first to demonstrate the expression of Prdx6 in mitochondria. We have shown using whole liver and isolated hepatocytes that Prdx6 is found predominantly in the cytoplasm under normal (sham) conditions. However, after ischemia or I/R, we found that Prdx6 becomes associated with mitochondria, presumably through recruitment from the cytoplasmic pool. These findings led us to evaluate the functional significance of this change in subcellular compartmentalization. Prdx6-KO mice were found to have significantly more liver injury than WT mice, suggesting that Prdx6 expression is required for regulating the hepatic injury response to I/R. One interesting finding of our in vivo studies was the observation that, despite nearly twice the level of hepatocellular injury, Prdx6-KO mice had greatly diminished neutrophil recruitment. This is a significant finding in that it provides evidence that severe hepatic I/R injury can occur independently of the inflammatory response. This is contrary to the current belief that the majority of liver injury occurring after several hours of reperfusion is mediated by recruited neutrophils (11, 14, 21) . We observed a similar phenomenon in the I/R injury response in aged mice (31) . While not addressed in the present studies, Prdx6 may directly affect neutrophil function as lack of Prdx6 affects neutrophil respiratory burst activity (A. B. Fisher, unpublished observations).
A limitation to our in vivo studies was the global deletion of Prdx6 in Prdx6-KO mice. Therefore, the increased injury observed cannot be directly ascribed to a lack of mitochondrial Prdx6. This led us to critically determine the role of Prdx6 in mitochondrial function in vitro using mitochondria isolated after ischemia or I/R. Our studies clearly demonstrate that lack of mitochondrial Prdx6 leads to mitochondrial dysfunction via disruption of mitochondrial respiration. We demonstrated increased oxygen consumption in mitochondria from Prdx6-KO mice using both static and kinetic assays. The ratio of ADPstimulated to basal respiration (state 3/state 4) yields a RCR, which is a measurement of the functionality (coupling) of the mitochondria, and reflects the phosphorylation efficiency (2, 43) . A greater RCR value is indicative of a greater degree of coupling between respiration and oxidative phospholylation and suggests an increased efficiency of electron transfer. We found that the RCR of mitochondria from Prdx6-KO mice steadily declined after ischemia and I/R, whereas the RCR of mitochondria from WT mice temporarily decreased during ischemia and early reperfusion, but then recovered to baseline values. Furthermore, using selective substrates, we found that Prdx6 appears to interact preferentially with complex I vs. complex III, as there were much more significant changes in respiration observed after stimulation of mitochondrial with glutamate/malate, a substrate for complex I.
A similar selectivity for complex I was observed in our studies of H 2 O 2 generation. Complex I is considered a major source of ROS in liver mitochondria (3) . Under physiological conditions, electrons carried by NADH or FADH 2 (generated by the TCA cycle) generally enter the transport chain either through complex I or complex II, respectively. A greater amount of H 2 O 2 production, which would be indicative of electron leak, might be expected in mitochondria from Prdx6-KO mice based on the higher oxygen consumption over time, as well as the observed decay of RCR values. We found that H 2 O 2 production by mitochondria from Prdx6-KO mice undergoing I/R was much greater than their WT counterparts, only when stimulated with glutamate/malate. When succinate was provided as a substrate, there was little difference between WT and Prdx6-KO animals.
Although increased mitochondrial ROS production is thought to have an important role in oxidative tissue damage, the mechanisms leading to increased mitochondrial ROS are unclear. Recently, it was demonstrated that, within intact mitochondria, oxidation of glutathione to glutathione disulfide leads to glutathionylation of complex I (41). This correlates with increased superoxide formation, which is converted to H 2 O 2 and can easily diffuse into the cytoplasm (26) . The increase in mitochondrial ROS production by complex I after liver I/R injury could be due to a raise in glutathione oxidation. The Prdx6 shuttling to the mitochondria could, therefore, be a response to stop or delay the damage, since glutathione is the physiological electron donor for Prdx6, which is able to reduce hydroperoxides in the presence of GSH (24) .
In summary, the present study describes novel new activities of Prdx6. We show, for the first time, that Prdx6 is expressed in hepatocyte mitochondria and that this expression appears to occur via recruitment subsequent to ischemic insult. Our subsequent studies demonstrate that lack of Prdx6 results in fulminant hepatocellular injury after I/R. This injury was independent of inflammation. Prdx6 was found to stabilize mitochondrial function during I/R by normalizing mitochondrial respiration and reducing mitochondrial generation of ROS. These effects appear to be related to a preferential impact of Prdx6 on complex I of the respiratory chain. Our data extend our understanding of the mechanisms of hepatic I/R injury and detail the important role of Prdx6 in this response. These findings are highly relevant to liver surgery and transplantation and may help identify new therapeutic targets. 
